In this study, the growth of Clostridium acetobutylicum was evaluated in Clostridium basal medium (CBM) containing 0.001, 0.5, 1, 2 and 4 % salt concentrations. Although the strain is sensitive to salinity of more than 2 %, the adapted strain was shown to grow even at 6 % salinity. Results indicate adverse effects of salinity on bacterial growth and bioproducts, such as 1--butanol and butyric acid, whereas the produced acetone is increased by salinity in CBM. In addition, the glucose of CBM is substituted by sugar beet molasses, due to its lower price and greater accessibility. Therefore, molasses-based mediums (MBM) at different concentrations of molasses were examined to assess the effect of molasses concentration on the adapted strain at low salinity. The results showed that 4 and 6 % concentrations of molasses are optimum concentrations for bacterial growth and its production of bioproducts at low salinity. Finally, the simultaneous effects of salinity and molasses concentration on the adapted strain were investigated. For this purpose, molasses-based mediums (MBM) containing 2, 3 and 4 % molasses concentration at 4 % salinity were considered. The results demonstrated that the increase in the molasses concentration raises the production of both butyric acid and acetone.
INTRODUCTION
Clostridium acetobutylicum is a Gram-positive, endospore-forming and anaerobic bacterium from the Clostridium species. 1, 2 The main products of C. acetobutylicum are butanol and butyric acid and its byproducts are acetone, acetic acid, lactic acid and ethanol. However, the amounts of the produced lactic acid EFFECTS OF SALT AND MOLASSES ON BIOPRODUCTS 413 cose, as well as minerals and vitamins. 17 Sugar beet molasses is inexpensive and accessible, therefore it could be an alternative to glucose. 3, 10, 18 Previous studies focused only on the growth and the rate of hydrogen production by C. acetobutylicum and, to the best of our knowledge, no researches are to be found in which the effect of salinity on the rate of produced biosolvents and acids was considered. Therefore, in this research, first the effects of salinity on the sensitive strain C. acetobutylicum and on a strain adapted to high salinity were investigated. In the next stage, glucose was substituted by sugar beet molasses at low salt concentration and the influence of its concentration was assessed on the adapted strain growth and bioproducts. Finally, fresh water was replaced by synthetic brine similar to seawater. Then, the effect of molasses concentration was evaluated on the adapted strain at high salinity.
EXPERIMENTAL

Chemicals
Sugar beet molasses was obtained from the Marvdasht Sugar Company in the Fars province, Iran. Resazurin sodium salt was purchased from Sigma-Aldrich. Sodium hydroxide solution and lactic acid (AnalaR grade) were supplied by the BDH Company. Extra pure sodium chloride (more than 99.5 %) was provided by Dr. Mojallali Chemical Complex Co., Iran. Other chemicals, such as glucose, acetone, 1-butanol, etc., of analytical grade, were purchased from the Merck Company.
Microorganism and culture medium
In this study, Clostridium acetobutylicum was obtained from the Persian Type Culture Collection (PTCC) as a freeze-dried strain, which is introduced as PTCC 1492. This center states that another collection number for the bacterium is NRRL B-591. 19 The strain was prepared from beef liver medium according to the ATCC protocol. 7, 20 After 24 h, the culture containing the microorganism was stored at 4 °C as a bacterial stock. Since the preparation of beef liver medium is expensive and time consuming, clostridium basal medium (CBM) described by Monot et al. 21 was used for the other experiments. The composition of CBM consisted of (per L): glucose, 20 g; KH 2 PO 4 , 0.5 g; K 2 HPO 4 ·3H 2 O, 0.5 g; MgSO 4 ·7H 2 O, 0.2 g; MnSO 4 ·H 2 O, 0.01 g; FeSO4·7H 2 O, 0.01 g; NaCl, 0.01 g; ammonium acetate, 2.2 g; p-aminobenzoic acid (PABA), 1 mg; thiamin·HCl, 1 mg; biotin, 1 µg; resazurin sodium salt, 1 mg. Then, the pH of the CBM was adjusted to 8 using 1 M sodium hydroxide and was autoclaved for 20 min at 121 °C.
Inoculation of microorganism and bioreactor experiments
In the first stage, the prepared CBM was poured into a 50 mL sterile tube and 1 vol.% of bacterial stock was inoculated. Then, sterile liquid paraffin was added to apply anaerobic conditions and incubated for 48 h at 37 °C. Thus, inoculums were prepared for bioreactor tests.
For all bioreactor tests, 500 mL of CBM was prepared in each bioreactor, resazurin solution and vitamins were added and 1 vol.% of an inoculum containing the bacterium was inoculated. The optical density of the inoculum was in the range of 0.7 to 0.8. Then, pure nitrogen was introduced for 5 min to produce anaerobic conditions in the bioreactor. Finally, the bioreactor was placed into a shaker incubator model SI-100R (HYSC Ltd., Korea) at 100 rpm and 42 °C.
414
ZABIHI, MOWLA and KARIMI Bioreactor tests were divided into four groups. In the first group, CBMs containing 0.001, 0.5, 1, 2 and 4 % salinities were prepared and the effects of salinity on bacterial growth, pH variation, and the production of bioacids and biosolvents by the sensitive strain were studied during fermentation.
Since the bacterium could not tolerate high salinity, adaptation of the bacterium to high salinity was performed in the second group. For this purpose, the highest salinity in which the bacterium could grow in the first group was considered and samples were taken from it. Then, the adapted strain was inoculated for other bioreactor tests. In this group, the salinity effect was investigated in CBM containing 2.5, 3, 4 and 6 % salinities.
In the third group, glucose was substituted by sugar beet molasses as the carbohydrate source because molasses is much cheaper than glucose and it is byproduct of sugar factories. 3, 10, 16 The elemental concentration of the sugar beet molasses used in the experiments is given in Table I . The carbon and nitrogen concentrations were determined using a FlashEA 1112 elemental analyzer and the concentrations of the trace elements were measured using a PerkinElmer Optima 8000 ICP-OES. The concentration of Cl was determined using the chlorine standard method (4500-Cl) for the examination of water and wastewater. Therefore, MBM containing 2, 4, 6, 8, 10, 12 % molasses were prepared at 0.001 % (low) salinity. Afterward, the effect of molasses concentration was assayed on the adapted strain.
As Iranian seawaters (especially Persian Gulf seawater) have a salinity of about 4 %, MBMs containing 2, 3 and 4 % molasses were prepared with 4 % salinity in the fourth group. Subsequently, the effects of molasses and salinity were simultaneously examined on the adapted strain. Optical density and pH measurements In order to determine bacterial growth, samples were removed from the bioreactor and divided into two parts. The first part was centrifuged at 4000 rpm for 30 min to achieve a supernatant that was then used as blank. The optical density (OD) of the second part was measured at 600 nm 1, 9, 21 using a model DR 2800 HACH spectrophotometer (USA). The OD presents the total number of cells (live and dead), whereas the colony-forming units (CFU) presents only the number of live cells. Therefore, the correlation between OD and CFU mL -1 was determined. The correlation was y = 6×10 9 x -5×10 7 ; where y represents CFU mL -1 ; x represents the OD value; R 2 is 0.9958. Moreover, the pH of the culture was measured using a Milwaukee model MW102 pH meter (Romania) at room temperature.
Bioproducts analysis
Various concentrations of acetic acid, butyric acid, lactic acid, acetone, 1-butanol and ethanol in ethyl acetate were prepared and standard curve was achieved for each component ( Available on line at www.shd.org.rs/JSCS/ EFFECTS OF SALT AND MOLASSES ON BIOPRODUCTS 415 0.5 mL of the prepared supernatant was added to 0.5 mL of ethyl acetate in a vial and vortexed for 1 min to extract the bioproducts from the aqueous phase to ethyl acetate. 6, 22 Then, 100 µL of extracted phase was injected into a Varian model 3700 gas chromatography (GC) instrument equipped with a flame ionization detector (FID) and an OV-101 column. Helium was used as the carrier gas. The flow rates of helium, air and hydrogen were set at 30, 300 and 30 mL min -1 , respectively. The detector and injector temperatures were adjusted respectively to 270 and 240 °C. Initial column temperature was adjusted to 35 °C for 2 min, then the column temperature was increased to 100 °C at 10 °C min -1 and finally, the column was maintained at 100 °C for 3 min. A typical GC chromatogram is presented in Fig. S-2 . Each test was repeated at least two times.
RESULTS AND DISCUSSION
Effect of salinity on the sensitive strain of C. acetobutylicum
The effects of salinity on the growth of the sensitive strain and on the concentrations of bioproducts, such as butyric acid, lactic acid, acetone and 1-butanol, after 10 days are illustrated in Fig. 1 . As could be seen from this figure, the OD was reduced from 2.019 to 1.002 as the salinity increased from 0.001 to 2 %, while there was no bacterium growth at 4 % salinity. The same results were achieved by Qureshi et al. for Clostridium beijerinckii P260 in a batch process and they stated that NaCl concentrations above 2 % had an inhibitory effect on cell growth and ABE fermentation. 13 Moreover, investigation of salinity effect on Clostridium acetobutylicum P262 was performed by Maddox et al. and their results showed that bacterial growth was inhibited at 3 % and higher concentrations of sodium chloride. 23 Fig. 1 . Effect of salinity on: a) the sensitive strain growth and acids concentration and b) solvents concentration after 10 days. Fig. 1 also shows that increasing salinity resulted in the production of more butyric and lactic acids by the sensitive strain. As was observed, when the salinity was increased from 0.001 to 2 %, the concentrations of butyric acid and lactic acid were increased from 0.28 to 9.16 mM, and from 0.53 to 2.03 mM, respectively. It is necessary to note that since the acetic acid concentration was ________________________________________________________________________________________________________________________ (CC) 2018 SCS.
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ZABIHI, MOWLA and KARIMI lower than 40 mM, interference of peaks produced by the GC occurred and it was impossible to determine its concentration. Fig. 1 also shows that salinity had a negative effect on the production of solvents; the 1-butanol and acetone concentrations were decreased from 60.93 to 9.24 mM and from 28.24 to 6.17 mM, respectively, as the salinity was increased from 0.001 to 2 %. Maddox et al. and Zhao et al. declared that C. acetobutylicum produced more acetic and butyric acids than acetone and 1-butanol on increasing the salinity up to 2-3 %. In the other words, the bacterium cannot convert acids to solvents at high salinity. Some researchers suggested that the adverse effect of salinity is related to the presence of sodium ions. 13, 22 . Hartmanis et al. announced that sodium ions inhibit acetoacetyl-CoA:acetate (butyrate) CoA-transferase, which solely converts acetate and butyrate into acetyl-CoA and butyryl-CoA. 24 It is necessary to note that although low concentrations of sodium are necessary for the oxidation of NADH and the formation of ATP in anaerobic bacteria, 25 high sodium concentrations not only increase bacterial growth, but also destructively influence microorganism activity. 25, 26 Adapted strain of C. acetobutylicum and effect of salinity Effect of salinity on the growth of the adapted strain and pH variations. The effect of salinity on the growth rate of the adapted C. acetobutylicum strain and pH variations of the medium are illustrated in Fig. S-3 of the Supplementary material. The lag phase for the normal strain of the bacterium in the medium containing 2 % salinity was prolonged to 80 h, however, the lag phase for adapted strain in the mediums containing 2.5 and 3 % salinities was prolonged by only 6.5 h, i.e., the necessary time period for adaptation of the bacterium was reduced for the adapted strain compared to the sensitive strain. Furthermore, the adapted strain could grow in a medium containing more salinity, such as 4 and 6 %, and the lag phase was prolonged to 28 h. Moreover, the specific growth rate and maximum OD decreased with salinity for the adapted strain. The adverse effects of salt on bacteria growth was reported by some other researchers. 11, 12, 14, 15, 27 These researchers declared that the ionic strength increased with increasing salt concentration and this caused higher osmotic pressures. In fact, when bacteria are exposed to higher osmolarity environments, the water exits from the cytoplasm and dehydration of cytoplasm or plasmolysis occurs. 11, 12, 14, 15, 25, 26 Moreover, each bacterium needs a certain level of ions to activate enzymes and co-enzymes. As the amount of the ions is much greater than that required, chemical binding of the ions to enzymes arises. As a result, the activities and structures of enzymes are disrupted. Therefore, high salinity results in reduction of bacterial growth, changes bacterial metabolic pathways and even can be inhibitor or toxic, 12, 15, [25] [26] [27] In addition, McCarty and McKinney stated that cations, such as sodium, potas-________________________________________________________________________________________________________________________ (CC) 2018 SCS.
Available on line at www.shd.org.rs/JSCS/ EFFECTS OF SALT AND MOLASSES ON BIOPRODUCTS 417 sium, calcium and magnesium, play key roles in salt toxicity, since these cations affect anaerobic digestion. 26 The effects of pH variation for various salinities are shown in Fig. S-3b of the Supplementary material. As could be seen, for 2.5 and 3 % salinities, the pH of the medium initially decreased, remained constant, decreased again and reached about 5, then finally increased. However, for 4 and 6 % NaCl concentrations, the culture pH initially decreased and finally was uniform during fermentation. Additionally, it could be seen that the maximum acid production occurred at 4 % salinity, which resulted in an intensive pH drop. At 2.5 and 3 % salinity, the initial pH reduction is indicative of the production of acids, whereas the pH increase indicates the consumption of acids and the production of solvents. 7 Salinity effect on butyric and lactic acid production by the adapted strain. The butyric and lactic acids production by the adapted strain at various salt concentrations is shown in Fig. 1 , from which it could be seen that the concentrations of butyric and lactic acids increased during the log phase at 2.5 and 3 % salinities, and then decreased during the stationary and dead phases that is in good agreement with the trend in the pH variation. However, no butyric acid was produced by the adapted strain at 4 and 6 % salinities and significantly, less lactic acid was produced. Since pH reduction occurred intensively at 4 and 6 % salinities, Fig. S-3b , significantly more acetic acid must have been produced at these salinities.
Comparison of Figs. 2 and S-3 illustrates that a large pH reduction and a high rate of acid production occurred at a high bacterial growth rate. At a high bacterial growth rate, Clostridium bacteria require high energy and more ATP. During acetic acid and butyric acid production, 4 and 3 mol of ATP are produced, respectively. Since acetic acid can produce more ATP than butyric acid, acetic acid production occurs initially and then butyric acid is produced. 1, 28 Effect of salinity on acetone and 1-butanol production by the adapted strain. The amounts of acetone and 1-butanol produced by the adapted strain at various salt concentrations are also exhibited in Fig. 2 . Based on this figure, acetone production occurred during pH reduction and when the pH was constant at salinities of 2.5 and 3 % during the log and stationary phases, respectively. However, the adapted strain produced 1-butanol at the end of stationary phase. On the other hand, no 1-butanol was produced at 4 and 6 % salinities, as was also observed for butyric acid (Fig. 2) . For production of 1-butanol and butyric acid, activities of enzymes from acetyl-CoA to butyryl-CoA are necessary in the pathway. 1, 29, 30 Since 1-butanol and butyric acid were not produced at 4 and 6 % salinities, high salinity influences the enzymes activities from acetyl-CoA to butyryl-CoA and inactivates them. On the other hand, large amounts of acetone were produced during the stationary and dead phases at 4 and 6 % salinities (Fig. 2) . Thus, the 418 ZABIHI, MOWLA and KARIMI adapted strain produced higher acetone in CBM with higher salinity and salinity had a beneficial effect on acetone production. 
Molasses effect on the adapted strain in the medium with low salinity
Effect of molasses on bacterial growth and pH variation. The growth of the adapted strain and pH variation in medium with various concentrations of molasses from 2 to 12 % and the lowest salinity are presented in Fig. S-4 . The OD increased with concentration of molasses ( Fig. S-4a ). When the molasses concentration increases, MBM approaches saturation and affects OD. It is necessary to mention that the inoculum volume was the same for the various MBMs. In addition, the MBM containing a greater concentration of molasses had a greater specific growth rate; thus, the specific growth rates were 0.137 h -1 for 2 %, 0.155 h -1 for 3 %, 0.109 h -1 for 4 %, 0.16 h -1 for 6 %, 0.229 h -1 for 8 % and 0.221 h -1 for 10 % concentration of molasses. Molasses contains sugars, such as glucose and fructose, and glucose is the main carbohydrate source for the bacterium fermentation. 3, 10, 16 Thus, increasing of molasses in the medium can raise the specific growth rate. OD max of the adapted strain increases with increasing molasses concentration from 2 to 3%, nevertheless more increasing in molasses concentration from 3 to 12 % results in lower OD max . The molasses contains not only ________________________________________________________________________________________________________________________ (CC) 2018 SCS.
Available on line at www.shd.org.rs/JSCS/ EFFECTS OF SALT AND MOLASSES ON BIOPRODUCTS 419 sugars, but also mono-and divalent-cations which increase the ionic strength in MBM containing more molasses 16 . Higher ionic strength causes more osmotic stress and the bacterium shrinks as was mentioned before. 11, 12, 15 In addition, greater pH reduction occurs at higher molasses concentration in the culture (Fig. S-4b ). In the other words, increasing the molasses concentration resulted in increased production of acids by the adapted strain. Since a higher specific growth rate was evidenced at higher concentrations of molasses, the bacterium required more ATP to grow and therefore, more acids were produced and the pH reduction was greater. 1, 28 Effect of molasses on butyric and lactic acids. Produced butyric and lactic acids by the adapted strain at low salt concentration are presented in Fig. 3 , which shows that the production of butyric acid was reduced considerably at concentrations of molasses above 6 %. Moreover, the production of lactic acid was low and remained nearly constant at molasses concentrations above 3 %. Therefore, it seems that the pH reduction was due to increased acetic acid production at higher concentrations of molasses, especially at 10 and 12 % salinity ( Fig. S-4a ). Effect of molasses on acetone and 1-butanol production. The amounts of produced solvents in mediums with different concentrations of molasses at low salinity are illustrated in Fig. 3 . Although the production of acetone increased with increasing concentration of molasses from 2 to 6 %, it intensively decreased at higher concentrations of molasses. In addition, the amount of produced 1-butanol increased with molasses concentration between 2 to 4 %, but then decreased considerably at higher concentrations of molasses.
Effect of molasses on the adapted strain in high salinity medium
Effect of molasses on bacterial growth and pH variation. As could be seen in Fig. S-5a of the Supplementary material, bacterial growth initially increased and then decreased with increasing of concentration of molasses at higher salinity (40 g L -1 salt concentration). Moreover, according to Fig. S-5b , the pH increased at concentrations of molasses from 2 and 3 % during the death phase, which indicates consumption of acids, while the pH remained constant at a molasses concentration of 4 % and 40 g L -1 salinity.
Comparison of Figs. S-4a and S-5a illustrates that salinity not only reduces the bacterial growth, but also increases it at constant concentrations of molasses. Since the bacterium was adapted to salinity at the initial stages, it seems that the salinity-adapted strain can grow in a high salinity medium more effectively than in a low salinity medium. Therefore, the bacterium grows better in the presence of salt at a constant concentration of molasses.
Based on Fig. S-5b , the pH variation was more considerable at 3 % molasses concentration than at 2 and 4% at 40 g L -1 salinity. In addition, comparison of Figs. S-4b and S-5b illustrates that the existence of salt in MBM resulted in a smaller pH reduction during the log phase and pH increase during the stationary or dead phase at the same concentration of molasses.
Effect of molasses on the production of butyric and lactic acids. Fig. 4 indicates that a higher concentration of molasses caused more butyric acid to be produced at 40 g L -1 salinity. On the other hand, comparison of Figs. 3 and 4 revealed that a higher salt concentration resulted in more butyric acid being produced at constant molasses concentrations. However, the concentration of lactic acid showed no variation at different salinities.
Effect of molasses on the amount of produced acetone and 1-butanol. The obtained results showed that increasing the concentration of molasses had a positive effect on the production of acetone at higher salinity so that the produced acetone was about 12 mM at 4 % molasses concentration (Fig. 4) . Indeed, salinity had no adverse effect on the production of acetone at a constant concentration of molasses; however, salinity considerably reduced 1-butanol production, as seen in Figs. 3 and 4 . Thus, less butyric acid converts to 1-butanol at higher salinity and constant molasses concentration. 
CONCLUSIONS
According to the data obtained in different experiments and their evaluations, the following conclusions could be drawn:
-Clostridium acetobutylicum NRRL B-591 strain was sensitive to 40 g L -1 salinity, while the adapted strain could grow at higher salinities, as much as 60 g L -1 .
-By increasing the salinity in CBM, bacterial growth was intensively reduced. Butyric acid and 1-butanol production ceased at salinities greater than 30 g L -1 , however, acetic acid and acetone were considerably produced. The produced acetone was increased from 8.1 mM at 30 g L -1 salinity to 29.6 mM at 60 g L -1 .
-The specific growth rate of the adapted strain was increased with molasses concentration form 2 to 12 % at 0.01 g L -1 salinity. In addition, the maximum OD occurred at 3 % molasses concentration.
